The work reported 1s an extension from a previous study which was limited to standard centers and tooth proportions only. This paper Includes long and short addendums and modified center distances. The analysis develops the equations for the limit values of variables necessary to remove prior severe 0 limitations or constraints necessary to facilitate computer analysis. A new cr> computer program IMPOUT2 has been developed using these newly established LU "Limit Formulas" to prevent negative Impingement on the pinion. The Industrial standard nozzle orientation usually found where the offset "S = 0" and Inclination angle "B = 0" will often cause the pinion to be deprived of primary Impingement which can be an Important cause of Incipient scoring failure 1n highspeed drives. final position of pinion tooth at maximum Impingement depth (t s = t w ) (rad.) e final position of pinion tooth when Just missed by jet po stream (t = 0) (rad.) e Initial position of pinion tooth at beginning of gear Impingement cycle (t = 0) (rad.)
limitations or constraints necessary to facilitate computer analysis. A new cr> computer program IMPOUT2 has been developed using these newly established LU "Limit Formulas" to prevent negative Impingement on the pinion. The Industrial standard nozzle orientation usually found where the offset "S = 0" and Inclination angle "B = 0" will often cause the pinion to be deprived of primary Impingement which can be an Important cause of Incipient scoring failure 1n highspeed drives. Increases at a constant 1nto-mesh lubrication condition, the limiting tooth load that will cause gear scoring 1s drastically reduced. This 1s primarily because the method of lubrication does not provide adequate cooling at the Increased pitch line velocity. In a study of high speed heavy duty gears (ref. 4 ) the authors showed that the oil Jet location and amount of oil flow to the gears varies nearly linearly with gear pitch line velocity and also with tooth load. In Ref. 5 the authors showed that with radial Jet lubrication the gear tooth temperature at various speed and loads can be considerably reduced by Increasing the lubricant jet pressure and flow rate to obtain better cooling, it was shown 1n Refs. 5 and 6 that the oil jet lubrication 1s the most effective method when the Jet 1s directed 1n the radial direction with adequate pressure and flow. Many gears are lubricated by directing the oil Jet at the engaging side of the mesh (Into mesh lubrication) or at the disengaging sides of the gear mesh (out of mesh lubrication). In Refs. 7 and 8, the authors analyzed oil Jet lubrication when the oil jet 1s directed at the engaging side of the gear mesh. In Refs. 7 and 8 1t was shown that there 1s an optimum oil Jet velocity and oil Jet location to obtain the best lubrication and cooling for 1nto-mesh lubrication.
In Ref. 9 the oil Jet lubrication for out of mesh lubrication was analyzed and the oil Jet Impingement depth was determined for standard gearing dimensions. Also 1n Ref. 9 the oil Jet location an direction were limited to a no offset condition (directed at the pitch point only) and 1n a direction normal to the line of center. This method will give good results for standard gear dimensions with gear ratios close to unity. However, when nonstandard dimension, spread center distance, etc. and large gear ration are used the oil Jet direction and location should be changed to provide the optimum oil Jet Impingement depth and maximum cooling condition.
The objective of the work reported herein 1s to analyze the out of mesh Jet lubrication with most of the simplifying constraints used 1n reference 9 removed. Since most high performance gears require addendum modifications and 1n addition sometimes spread centers, the analysis presented herein set out to Include these and other related conditions. One practical constraint 1s added: a nozzle orientation that allows a pinion or gear to be missed provides no primary cooling to the missed member. Such solutions are not permitted 1n this analysis since they are not of practical value and can mislead an Inexperienced gear design engineer.
BRIEF DESCRIPTION OF THE IMPINGEMENT CYCLE
The beginning of the pinion Impingement cycle 1s about to start as the leading edge of the top land of the gear 1s passed as shown 1n F1g. 1. Gear tooth rotation continues toward the Jet stream until the Jet reaches the trailing edge of the gear tooth as shown 1n F1g. 2. At this position the time t 1s set at zero (t = 0) and the geometrical position of the gear e , 1s calculated. Also the Initial position of the pinion e . 1s calculated at (t =0). Then the geometry of the lowest Impingement point on the pinion 1s established by setting the time of flight of the jet stream head equal to the time of rotation on the pinion from (t = 0) until Impingement on the pinion takes place at e _ as shown 1n F1g. 3, (@t f = t ). as shown In F1g. 1 (see Nomenclature for variable definitions not described 1n text). Thus the operating (or running) offset S Q to the crotch or common
Intersection of the outside diameters 1s the maximum value allowed for the offset S to remain within the geometric definitions described 1n this paper.
Further when the addendum modification Aa and Aa are unequal and pr gr extreme enough to cause S_ to be negative then S fl < S < 0. Also when Aa = Aa = Aa = 0 with standard centers, S_ reduces to The mathematical definition of the arbitrary Inclination angle B 1s:
where: Further 1f the user desires to know the value of 0^ that will make 0=0, he calculates 0 from: 0 UIQ = r -^~B ^ 0* 1s negative as 1s usual
Similarly, when S 1s normalized we get:
where the value of S. 1s confined to S., . . < S. < 1. 
DEVELOPMENT OF THE GEOMETRIC MODEL FOR THE GEAR
In the case of the gear meshing with the pinion, the Jet velocity of the gear 1s common with that for the pinion; so that even 1f the velocity V.
1s found explicitly to provide a desired or specified depth of Impingement on the pinion "d ", the Jet velocity for the gear 1s always provided by V = V = V. so that the Impingement depth for the gear 1s always A rather Intricate computer program has been developed which should be useful to the design engineer as well as the researcher performing parametric studies. This program "IMPOUT 2" was used 1n the study for this section of the paper.
The out-of-mesh nozzle orientation Imposes severe Impingement depth problems especially when the gear ratio 1s larger than one-to-one. This 1s demonstrated 1n F1g. 7 where 1t can be seen that when the gear ratio "m " 1s equal to one (1.0) the depth of jet oil Impingement 1s equal on pinion and gear for a perpendicular jet pointed at the pitch point. However, when m 1s larger than unity, the Impingement depth on the pinion 1s very dependent on the offset "S". This 1s shown 1n F1g. 7 using the dlmenslonless offset S.. Even when the position 1s fixed 1n the historically standard orientation position which will not allow primary Impingement on the pinion for even modest gear ratios (at any jet pressure), the pinion and gear addendums can be adjusted per F1g. 10 to provide adequate Impingement on both mesh members. This has been done 1n the past to control Incipient scuffing or scoring, often without the designer realizing he was also controlling the Impingement and cooling phenomena favorably.
SUMMARY OF RESULTS
An analysis was developed for the lubricant Jet flow In the out of mesh condition. THe analysis provides for the Inclusion of modified center distances and modified addendums. The equations are developed for the limit values of variables necessary to remove the severe limitations or constraints necessary to facilitate computer analysis. A computer program was developed using these "Limit Formulas" to prevent negative Impingement (missing) on the pinion. THe following results were obtained:
1. The Industrial standard nozzle orientation usually found where the offset S = 0 and Inclination angle B = 0 will often cause the pinion to be deprived of primary Impingement which can be an Important cause of Incipient gearing failure 1n high-speed drives.
2. For ratios larger than 1:1, the oil jet will only Impinge on the gear teeth unless a minimum calculated jet velocity 1s provided to lubricate the pinion teeth.
3. When a minimum on Jet velocity Is provided, the oil Jet offset must be equal to or greater than a minimum calculated offset to assure Impingement on the pinion. 4 . As the oil Jet velocity 1s Increased above the calculated minimum value, the Impingement depth will Increase but at a decreasing rate. The maximum Impingement depth will generally not exceed 10 percent of the tooth profile depth. NEC. dp (MISSED PINION) (min) 2 dp, Sj=.3333
3 dp, Sj =.6667 4 tfp-dg.lij-0, S -S(opt). opt'n? 
